An improved method is presented to scan the full-aperture optical surface rapidly by using galvanometer steering mirrors. In contrast to the previous studies, the scanning velocity is faster by several orders of magnitude. The velocity is chosen to allow little thermodeposition thus providing small and uniform residual stress. An appropriate power density is set to obtain a lower processing temperature. The proper parameters can help to prevent optical surface from fracturing during operation at high laser flux. S-on-1 damage test results show that the damage threshold of scanned area is approximately 40% higher than that of untreated area.
Introduction
A large number of fused silica optics are installed during the construction of high power solid laser facility [1] , such as national ignition facility (NIF) and laser MegaJoule (LMJ) which were both used to drive the inertial confinement fusion (ICF). Fused silica material is used because of its theoretically excellent performance in optical transmittance, thermodynamic characteristic, and especially the damage resistance [2] . But in the process of actual application, even though the flux density is far below their intrinsic damage threshold [3, 4] , laser-induced damage (LID) still frequently occurs, especially for the optics installed in the third-harmonic section.
For the fused silica optics, lots of researches indicate that carbon dioxide (CO 2 ) laser treatment is an effective mean to mitigate the problem of laser damage. One of the most common ways is to mitigate the damage site by melting or evaporation, thus avoiding their catastrophic growth under subsequent laser irradiation [5, 6] . But as early as 1979, Temple et al. [7] had proposed an idea to polish fused silica optics by CO 2 laser for improving the damage resistance at 1064 nm. In 2001, Brusasco et al. [8] continued this research to find out whether the damage initiation at 351 nm could also be reduced by CO 2 laser polishing. Their researches demonstrated that CO 2 laser polishing could significantly improve the damage resistance of fused silica optics both at 1064 and at 351 nm. However, no matter how the process parameters are optimized, polishing will always lead to the surface topography destruction and residual stress, which need to be well controlled.
This work presents a modified processing strategy to suppress the negative effects induced by laser polishing. In contrast to the previous works, a galvanometer is set up instead of electric translation stages to control the relative movement between optics and laser beam. This could greatly increase the scanning speed so that the temperature field becomes more homogeneous than before [5] . In order to balance the demand of damage resistance improvement with those negative effects mentioned above, different treatment parameters are investigated and several testing methods such as atomic force microscope (AFM) are used in this paper. Meanwhile, the damage resistance is characterized by the Son-1 method [9] which is one of the most important methods for laser-induced damage threshold (LIDT) testing at 355 nm. by galvanometers. Consequently, the irradiated position of sample surface could be easily controlled. Field lens was used to focus the laser beam and ensure a flat focal plane even in the off-axis position.
Experiment
The galvanometric scanning system is produced by RAY-LASE Inc. and the specification is SS-HS-LD-30. When a field lens with a focal length of 163 mm is used, the full scanning speed of this system is 7 m/s, the minimum line interval is 1 m, and the scanning range is more than 100 mm. The focal length of field lens used in this optical path is 250 mm. A GEM-100L CO 2 laser is produced by Coherent Inc., which could output the quasi-continuous laser with a repetition frequency of 20 kHz. The power of CO 2 laser can be adjusted from 0 to 100 W.
Sample Preparation.
UV grade synthetic amorphous silicon dioxide, corning 7980, with dimensions of 40 × 40 × 5 mm 3 were used. In order to remove contamination and deposition layer, samples were etched by buffered hydrofluoric acid (HF: 2%, NH4F: 11%) for one minute [10] . As shown in Figure 2 , each sample was divided into three areas and the middle area was treated as a reference.
Experimental Process and Testing.
A rapid raster scanning mode was adopted to polish the samples. The scanning velocity and line interval were set as 6 m/s and 1 m, respectively, under an assumption that the focal length of field lens was 163 mm. Actually, focus position for the optics system used in this paper was about 242 mm from the field lens. During raster scanning, samples were placed at various distances from the field lens so that the power density could be regulated by the change of laser spot size on the surface of sample. In this work, three typical distances were taken into account, that is, 248 mm, 249 mm, and 250 mm. Besides, for comparison purposes, each part of samples was scanned twice with some certain parameters.
Transmission wave front, surface roughness, and residual stress induced by different treating parameters were tested to evaluate the ability of this new polishing method to control the side-effects. The LIDT of samples is determined by the typical S-on-1 laser damage tests. The laser is a Nd:YAG laser operated at 355 nm with pulse width of 7 ns and a nearGaussian beam profile. During the damage threshold testing, laser beam was focused to 0.36 mm 2 at the sample plane. At last, in this paper, the emphasis is on the comparison and results are discussed between treated and untreated area rather than the absolute value. Figure 3(a) shows that the upper part of the sample was polished at the distance of 248 mm while the lower part was at 249 mm. After polishing by CO 2 laser, the value of wave front distortion (WFD) is visibly increased, which is from approximate 20 nm of middle area to 61 nm of lower section and 125 nm of upper section, respectively. It indicates that surface is severely destroyed as demonstrated by the previous works. But when the distance of sample was adjusted to 250 mm, that is, a lower power density, a smaller WFD value was obtained. As shown in Figure 3 (b), the upper section was polished twice at the distance of 249 mm while the lower section was at the distance of 250 mm. WFD value is 60 nm for upper area and 23 nm for lower area, respectively, and the latter is comparable to the untreated middle area. These results indicate that the surface can be maintained by this new polishing method as long as the power density is low enough. Additionally, as shown in Figure 3 , the WFD is usually distributed in the center of the samples. It may be because of the poor heat dissipation performance of the center. To resolve this problem, driving the galvanometer by the sinusoidal current is a viable way.
Results and Discussion

Transmission of Wave Front.
Surface Roughness.
To determine whether the samples are exactly polished in such a lower power density, the surface roughness is detected by AFM. Figure 4(a) gives a typical surface topography of the samples, which is etched by buffered hydrofluoric acid, with a 25.226 nm PV value of roughness (PVVR). Remarkably, Figure 4 (b) shows that after being polished at the distance of 250 mm, PVVR of the sample is reduced to 5.167 nm. The surface of polished sample is become smoother under low power density, which indicates that the surface is melted slightly without apparent destruction to the surface shape.
Residual Stress.
Rapid cooling after being melted is often accompanied by the generation of residual thermal stress. In order to contrast the difference between this improved polishing method and the previous ones [7, 8] , a repetitive experiment was conducted and the residual stress was tested. When the Senarmont method is used for the measurement of residual stress, the optical path difference (OPD) is about 9 nm for the previous methods. However, as shown in Figure 5 , residual stress of the samples polished by the new method is hardly detectable. This result is expected and indicates that high speed can help to form a more uniform temperature field and to reduce the heating depth. So the residual stress can be well controlled.
Damage Resistance.
The polishing method would be meaningless if the damage resistance is not improved. According to the testing results of LIDT, shown in Figure 6 , no matter which parameter is used, the damage resistance is improved to different degree. In this case, the areas polished at 250 mm are worth special attention. Firstly, enhancement of 0% damage probability threshold means that the number of defects is reduced by the treatment. In other words, certain defects can be removed by this new polishing method. Secondly, enhancement of 100% damage probability threshold indicates that this new polishing method may also change the surface structure of fused silica.
Through these works, there must be an optimal parameter combination which was effective for improving the damage resistance of fused silica optics while keeping their original state simultaneously. But the reason for this improvement is still uncertain. The possible mechanism includes three aspects: firstly, some defects might be eliminated because of laser annealing [11] ; secondly, microstructure of the surface might be changed, such as the passivation of dangling bonds or the change of distance between atoms [12] ; at last, the surface might be strengthened due to the compressive stress like the laser peening of metal [13] . In the future, systematical experiment will be carried out for confirming the exact mechanism.
Conclusion
An improved method of CO 2 laser polishing is represented in this paper. After being polished, the damage resistance of a fused silica optic surface at 355 nm wavelength was obviously increased. The side-effects such as destruction of surface shape and residual stress are also well controlled after the optimization of processing parameters. For the further application of this method, more methods to describe the microstructure changes are needed for understanding its physical mechanism. Furthermore, the residual stress existing in subsurface must be tested precisely for evaluating the mechanical properties of the polished surface.
